Capsicum is thought as one of the most diverse and significant genera due to its varied uses in different parts of the world. In this study, we worked with a total of 71 pepper genotypes from different locations of Turkey to investigate the level of their diversity using the peroxidase gene polymorphism (POGP) markers to reveal their population structure. For this purpose, 14 peroxidase primer pairs were used. They produced 139 bands (mean = 9.9 bands/primer), of which ~ 85.6% were polymorphic in the all germplasm collection. Polymorphism information content (PIC) ranged between 0.48 and 0.97 with an average of 0.75. Range and mean values for gene diversity (h) were 0.09-0.22 and 0.17, respectively. Shannon's information index (I) per POGP marker ranged from 0.18 to 0.35 with a mean of 0.29. Using three clustering methods (unweighted pair-group method with arithmetic means, principal coordinate analysis, and STRU CTU RE) revealed a clear separation of all the C. annuum accessions from C. frutescens and C. chinense accessions in our study. Clusters did not establish an association between the accessions and their geographical origin. This is the first study exploring the population structure through the genetic diversity of Turkish peppers from different regions of the country based on the peroxidase gene markers.
Introduction
Peppers which are the good source of vitamin A and C are grown almost in every part of the world for the variety of the purposes including vegetable, medicinal and ornamental uses (Bosland et al. 2012) . Archeological studies indicated that the history of pepper goes to 6000 years ago based on the fossils of food items. They confirm the hypothesis that peppers are one of the first spices used by the human beings in history (Perry et al. 2007 ). Genus Capsicum belongs to the Solanaceae family. It was originated from the central tropical regions of South America known as Bolivia in the present day (Olmstead et al. 2008 ). There are twenty-seven identified species in this genus. Five of them were domesticated through prominent events at different locations in America (Nicolai et al. 2013; Olmstead et al. 2008) . For the taxonomic studies about this genus, many alternative approaches such as numerical taxonomy, cytogenetics, cross-fertility, geographical, ethnobotanical and biochemical data have been used (Pickersgill 1991; Nicolai et al. 2013) . Capsicum annuum, C. frutescens, C. chinense, C. pubescens, and C. baccatum are the most commonly cultivated ones among the identified species of Capsicum genus in the world. It is considered that they were domesticated through five different independent domestication events (Pickersgill 2007) . Two regions are known in the history for the domestication of these five species; South America for C. baccatum, C. pubescens, and C. chinense, and Mesoamerica for C. annuum and C. frutescens species (Kumar et al. 2006; Nicolai et al. 2013) . Capsicum annuum is the most widely distributed and economically important species of Capsicum in the world. It is a diploid and self-pollinating crop with a chromosome number of 24 (Gyulai et al. 2000) . It was shown that C. annuum was domesticated from wild bird pepper known as ''Chiltepin'' (C. annuum var. glabriusculum) 1 3
355 Page 2 of 9 in Mexico (Kraft et al. 2014; Perry et al. 2007) . Wild ancestors of C. annuum have red-colored fruits characterized as small, erect, bitter, deciduous and soft-fleshed. These characteristics promote their dispersion through the birds rather than the mammals since birds do not have receptors for capsaicin (Tewksbury and Nabhan 2001) . Different lines of fruits with new traits such as smaller, non-pungent or larger fruits have emerged in time as a result of domestication and selection methods (Paran and van der Knaap 2007) . Among them, small ones known as hot peppers are mainly used as spices and for condiments purposes. On the other hand, the larger ones known as sweet peppers have gained economical importance across the world due to their higher yield potential (Boslandet al. 2012) . It was shown that Turkey is one of the most important areas having great genetic resources of peppers. This valuable source of variation leads to a huge opportunity for the pepper breeding (Bozokalfa et al. 2009 ). Turkey is not the origin of peppers and still, it is not fully known how Turkey met the peppers for the first time. However, Andrews (1999) stated different speculations about the history of pepper in Turkey. The most accepted hypothesis is that peppers reached into Istanbul (Turkey) as a commercial product during fifteenth and sixteenth centuries through the Portuguese travelling to Asia (Bozokalfa and Eşiyok 2011) . Annual production of dry peppers and green peppers in Turkey were reported to be 16,139 and more than 2 million tonnes, respectively (FAOSTAT 2016) . Pepper is a favorite vegetable in Turkey. It is consumed in different ways such as in the form of fresh, pickled, grilled, paste, sauce or in cooked dishes (Bozkurt and Erkmen 2005; Yentur et al. 2012) .
Studying genetic diversity between different species and also among the individuals within the same species is very crucial. These investigations will produce new perspectives on exploring the candidate parents for the Capsicum breeding. In addition, the information coming from these studies is very helpful to develop novel strategies for the genetic resource conservation not only for the gene banks but also for in situ (González-Pérez et al. 2014) . Although there are many strategies and techniques, molecular markers still provide a very effective way of studying the diversity and genetic structure of crop plants (Nadeem et al. 2018 ). For this purpose, different types of molecular markers have been used by the researchers in their studies involving the wild and the domesticated Capsicum annuum (González-Pérez et al. 2014; Hill et al. 2013; Hulse-Kemp et al. 2016) . However, the number of studies about diversity level and population structure of Turkish pepper germplasm is very limited (Aktas et al. 2009; Bozokalfa et al. 2009; Bozokalfa and Eşiyok 2011) .
As the members of a multigene family, plant peroxidases exist in the most plants in a large number (Yoshida et al. 2003; Uzun et al. 2014) . They are the parts of various important biochemical pathways such as pathogen infection, cell wall lignification as a salt tolerance strategy, auxin degradation, tissue suberization and plant senescence (Hinman and Lang 1965; Espelie et al. 1986; Amaya et al. 1999; Passardi et al. 2005; Gulsen et al. 2010; Ocal et al. 2014; Pinar et al. 2016) . It has been shown that the peroxidase gene family possesses highly conserved domains allowing oligonucleotide primers to be designed to amplify DNA sequences coding for peroxidases from many different plants. There are several studies in the literature investigating the peroxidase gene polymorphism (POGP) in a few crops such as buffalo grasses, bermudagrasses, apple, watermelon, Citrus spp., common bean and almond (Gulsen et al. 2007 (Gulsen et al. , 2009 (Gulsen et al. , 2010 Ocal et al. 2014; Uzun et al. 2014; Nemli et al. 2014; Pinar et al. 2016) . Due to critical roles of peroxidases in the evolution of plants, the POGP analyses may increase the understanding of the relationship among Capsicum genotypes from different geographic locations and they may give the new perspectives for pepper breeding.
The main goal of this study was to investigate the level of variation and genetic relatedness among the 71 Turkish pepper accessions. To our best knowledge, this is a very first study to investigate the diversity and population structure of Turkish pepper germplasm using peroxidase gene markers.
Materials and methods

Plant materials
In this study, a total of 71 Capsicum spp., 64 of which are C. annuum, 6 are C. frutescens and 1 is C. chinense were used (Table 1 ). All the samples were provided by ALATA Horticulture Research Department. They were grown in pots using greenhouse conditions.
DNA isolation
Fresh leaves which had been frozen at − 80 °C were lyophilized just before the DNA isolation. Total genomic DNA isolation from lyophilized leaf samples was carried on following the CTAB protocol (Doyle and Doyle 1990 ) with minor modifications incorporated by Boiteux et al. (1999) . Purity and amount of the DNA samples were assessed with NanoDrop (DeNovix DS-11 FX, USA). Finally, DNA samples were diluted to a final concentration of 25 ng/µL for further use in PCR reactions and stored at − 20 °C. All the chemicals and reagents used in this study were purchased from Thermo Fisher Scientific, United States. 
Primer selection and PCR conditions
POGP primers based on 34 rice peroxidase cDNA sequences were used in this study (Gulsen et al. 2007 ). Oligonucleotides were synthesized by Sentromer DNA Technologies, Istinye, Istanbul. Initially, a total of 22 degenerate POGP primer pairs were used on 8 randomly selected peppers' DNA in PCR reactions. In this screening, 14 POGP primer pairs that yielded intense and polymorphic bands were selected for further analysis in the entire pepper germplasm collection (Table 2) . For the PCR reactions, the following substrates were combined in a total volume of 20 µl including 50 ng of template DNA; 2µ l of 1XPCR reaction buffer, 2.5 µl MgCl 2 , 2 µl dNTP (5 mM), 3 µl (5 mM) each of forward and reverse primer, 0.8 µg/µl bovine serum albumin, and 1 U of Taq DNA polymerase. Reactions were performed in an automated thermocycler (Applied Biosystems-Veriti Thermal Cycler). The PCR temperature profile used was: 94 °C for 2 min, then 34 cycles consisting of 94 °C for 1 min, 48-57 °C for 1 min, 72 °C for 1 min and finally an extension step at 72 °C for 5 min. PCR products were separated on 2.5% agarose gel in 1 × TBE buffer at 115V for 5 h and visualized using 'Imager Gel Doc XR+' system (Bio-Rad, USA). A 100-bp ladder (Thermo Fisher Scientific) was used as a molecular weight marker.
a Unknown location and other characteristics 
Data analysis
For the data analysis, only reproducible and legible bands were used. Gel images were evaluated and a data matrix was developed using '1' for the existence and '0' for the absence of POGP bands. Analysis of gene diversity and Shannon information index within and among in 71 peppers' genome were carried out using POPGENE version 1.32 software (Yeh et al. 2000) . The average Polymorphism Information Content (PIC) for dominant markers was calculated according to De Riek et al. (2001) by the following formula:
where f is the frequency of the marker in the data set. PIC for dominant markers is a maximum of 0.5 for f = 0.5.
Genetic diversity among 71 peppers was constructed using the unweighted pair-group method with arithmetic average (UPGMA) based on the Jaccard's similarity coefficient (Jaccard 1908) . The distribution of populations was analyzed with principal coordinate analysis (PCoA) using PAST3. Analysis of the population structure among 71 pepper genotypes was carried out using a model-based Bayesian clustering model executed with the software STRU CTU RE. The number of subgroups (K) in the population was determined by calculating the ad hoc statistics ΔK, based on the rate of change in the ln probability of data between successive K values (Evanno et al. 2005) .
Results and discussion
PCR reactions of 71 pepper accessions with 14 polymorphic POGP primer pairs produced a total of 139 expressive bands with an average of 9.9 fragments per primer (Table 2) . Among the bands, 85.6% were found polymorphic. 8.6% was the average number of polymorphic fragments per primer and band size ranged from 80 to 1600 bp (Table 2) . POX10Fa-POX10Rd primer combination produced the maximum (Supplementary Figure 1) , on the other hand, POX10Fa-POX10Ra ( Supplementary Fig. 2 ), POX10Fb-POX10Rc, and POX10Fd-POX10Re primer combinations gave the minimum numbers of bands which were 14 and 7, respectively. A maximum number of polymorphic bands (12) were resulted with the POX9 and POX10Fa-POX10Rd, while the minimum number of polymorphic bands (6) resulted with the POX10Fa-POX10Ra, POX10Fa-POX10Rb, POX10Fb-POX10Rc, POX10Fd-POX10Re and POX12Fa-POX12Ra primer pairs. All of these selected 14 primer pairs resulted in a higher level of polymorphism with an average of 85.6% in Turkish pepper germplasms. The number of polymorphic bands obtained in this study is higher than those previously performed by Ibarra-Torres et al. (2015) Turkish C. annuum accessions. On the other hand, Krishnamurthy et al. (2015) reported 389 polymorphic and 414 total bands using AFLPs in a collection of 59 C. annuum and C. baccatum accessions which is a higher level of polymorphism as compared to the present study. Nonetheless, it must be noted that both studies, using AFLP (Krishnamurthy et al. 2015) and POGP markers (the present study), revealed higher polymorphic bands compared to other studies. Thus, it may be concluded that POGP represents an excellent costeffective marker option for detecting genetic variations in Capsicum.
Average value of polymorphism information contents (PIC) was 0.75. POX10Fa-POX10Rb and POX6 primer pairs gave the maximum and the minimum PIC values which were 0.97 and 0.48, respectively. Both range and average PIC values were found higher than those obtained by the Naegele et al. (2016) (PIC = 0.40). They used SSR markers in a C. annuum collection from 9 countries in their study. In addition, the average PIC value found in this study is higher than the mean PIC of 0.69 obtained in the study using a Capsicum collection conducted by Rai et al. (2013) .
Range and mean values for gene diversity (h) were 0.09-0.22 and 0.17, respectively. Allelic diversity and genomic distribution of markers are considered as universal criteria for the identification of cultivars. According to Werner et al. (2004) , candidate markers should have allele frequency higher than 0.1. We obtained a higher level of Shannon's information index for all primers. Average Shannon's information index was 0.29. POX10Fa-POX10Rc and POX10Fa-POX10Ra were two primer pairs resulting in the maximum and minimum Shannon's information index, 0.35 and 0.18, respectively (Table 2) . Our results were found to be parallel with the results of Aktas et al. (2009) investigating on Turkish pepper. However, range and average Shannon's information index were found much lower than the results obtained by Jung et al. (2010) . They reported higher average (I = 0.49) and range (I = 0.035-0.69) of Shannon's information index using SNP markers in Capsicum genus.
Pair-wise genetic similarity (GS) values (Jaccard) among 71 peppers were also used to evaluate the level of diversity more clearly. It revealed that SivriPepper14 and Charleston4 were the most similar accessions with the value of GS, 0.95. It was followed by BellPepper8-BellPepper2 and KmarasPepper10-KmarasPepper2 with the value of GS, 0.93. They were developed using a common progenitor. On the other hand, the genetically most distant accessions were frutescens7-frutescens1, frutescens8-frutescens1 and frutescens8-frutescens5 with the value of GS, 0.11. Overall, the average GS value in the entire pepper collection was 0.63. These genetically distinct variants within C. annuum and C. frutescens can be used for developing populations for traits of interest, as well as for generating and selecting new phenotypic variants for breeding purposes.
In UPGMA cluster analysis, the genotypes were grouped into four major clusters defined as branches I-IV in Fig. 1 . The first cluster (I) involved the largest number of the accessions which belong to the C. annuum species (64 accessions, representing 90% of the pepper collection). Within this group, no clear association was found between clustering and geographical origin or fruit characteristics of the individuals. Branch III included both C. chinense and C. frutescens. The content of this branch supports the hypothesis that C. chinense was developed from C. frutescens (Djian-Caporilano et al. 2007 ). On the other hand, Branch II and branch IV contained accessions from C. frutescens only.
The principal coordinate analysis (PcoA) was applied to obtain more detailed insights into the genetic relationship among the 71 Turkish pepper germplasms. PCoA verified the results of UPGMA which also clustered the genotypes into four groups (Fig. 2) . Similar to the UPGMA clustering pattern, PCoA showed that all the individuals belonging to C. annuum grouped into the same branch and most of C. frutescens and C. chinense clustered together. However, different from UPGMA results, it was found that some individuals of C. frutescens (frutescen8-frutescens7) scattered away from their axis. The rosy fruit shape of these frutescens may contribute to this difference. Population substructure was found in the Turkish pepper germplasm, with two major genetic pools identified (K = 2); a C. frutescens group (cluster I), a 'C. frutescens + C. chinense' group (cluster II) and a C. annuum group (cluster III) (Fig. 3) .
Our results using all three clustering methods (UPGMA, PCoA, and Structure) presented a clear separation of all the C. annuum accessions from C. frutescens and C. chinense accessions. They are in close agreement with those reported by González-Pérez et al. (2014) who found the clear genetic separation among accessions belonging to C. annuum, C. frutescens, and C. chinense.
In conclusion, this study characterized the genetic diversity and population structure in the Turkish pepper germplasm using POGP markers for the first time. It was shown that they separated the C. annuum accessions from C. frutescens and C. chinense accessions clearly. They were used successfully as highly polymorphic and cost-efficient markers for addressing genetic-related questions in Capsicum in our experiments. In recent years, the advent of next-generation sequencing (NGS) technologies has facilitated the development of new genetic markers such as GBS-SNPs and is still increasingly being deployed to guide researchers in developing the resolution and informativeness of the analysis. It is expected that the results from this study will have a positive impact on pepper breeding and genetic research in Turkey and elsewhere. 
